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DELAMINATION GROWTH ANALYSIS IN QUASI-ISOTROPIC LAMINATES
UNDER LOADS SIMULATING LOW-VELOCITY IMPACT

K. N. Shivakumar* and W. Elber*#
NASA Langley Research Center
Hampton, Virginia 23665
SUMMARY

A geometrically nonlinear finite-element analysis has been developed to
calculate the strain energy released by delaminating plates during impact
loading. Only the first mode of deformation, which 1s equivalent to static
deflection, was treated. Both the {mpact loading and delamination in the
plate were assumed to be axisymmetric. The strain energy release rate in
peeling, Gy, and shear sliding, Gyy» modes were calculated using thg frac~
ture mechanics crack closure technique. Energy release rates for various
delamination sizes and locations and for various plate configurations and
materials were compared. The analysis indicated that shear sliding (GII) was-
the primary mode of delamination growth. The analysis also indicated that the
midplane (maximum trznsverse shzar stress plane) delamination was more
critical and would grow first before any other delamination of the same size
near the midplane region. The delamination growth rate was higher (neutrally
stable) for a low toughness (bri;tle) matrix and slower (stable) for high
toughness watrix. The energy release réte in the peelihg mode, Gy, for a
near-surface delamination can be as high as O'SGII’ and can contribute

significantly to the delamination growth.

INTRODUCTION
Composite laminates made with high strength resin matrices are brittle

and are easily damaged by transverse impact loads. Delamination damage
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commonly occurs under impacts by hard objects. Delaminations are usually

invisible from the surface but still cause significant reduction In compres-
sive residual strength of the laminate. The formation and growth of delamina-
tions in laminated plates have reéently been investigated under static loadiug
(ref. 1). That study concluded that: (1) delaminations are formed in a

laminate when the transverse shear around the contact area between the

impactor and the plate exceeds a critical shear strength; (2) these delamina-

tions grow if the shear straln energy release rate exceeds the matrix shear
toughness. This report contains a finite~element formulatton to predict the
growth of an already created delamination in a circular quasi-isotropic
laminate using fracture mechanics criteria. The model delaminations shown in
figure 1 were used to assess the effects of delamination size and location on
the strain energy release rate and delamination growth. Although backface
damage 1is one of the common failure modes in thin plates under impacts, that
problem is not addressed here. Instead, possible delaminations in thick
plates are examined. For simplicity, the impact event is assumed to be equiv-
alent to an axisymmetric plate loaded slowly in the direction of fmpact. This
assumption is reasonable for quasi-isotropic plates impacted at the center.
Early studies at NASA Langley (refs. 2 and 3) of low velocity impact on
8 to 32-ply circular laminates have indfcated that laminates may undergo large
deflections, which makes the problem geometrically nonlinear. The objectives
of this study are: (1) to develop a geometrically nonlinear axisyametric
finlte-elerent (F-E) analysis which fncludes the crack closure technique of

calculating strain energy release rates, (2) to identify the mode (opening or

" shear sliding) of delamination growth due to low velocity impact, (3) to

examine the influence of delamination size and location and plate config-

uration on strain energy release rates, and (4) to examine the compression
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instabtlity of the near-surface delaminated layer due to lmpact. Figure 1
shows delamination moﬁcls cons{dered in this study. A midplane delamination
(fig. 1(a)) was selected to ldentify the mode of delamination érowth, i.e.,
mode I or [I and/or combined. The critical locatloan of the delamination was
predicted by analyzing a plate with three delaminations; one at the midplane
and the other two located at equal distances on each side of the midplane
(see fig. 1(b)).

Compressive flexural stresses that develop dﬁrtng the {mpact of a tﬁick
laminate maj cause local {nstability of delaminated surface plies. The local
buckling of the surface sublaminate results in high interlamlﬁar peeling
stresses In addition to shear stress at the delamination front. The mode of
delaminat fon growth therefére could be mode I, which is different from cases
(a) and (b). To examine the energy release rates related to iocal insta-
bility, a plate with a delamination nearer to the top surface of the laminate,
referred to as a near-surface delaminaticn, was analyzed. Although mcre thaa
one delamination may be present or created during the impact, for simplicity
they are neglected.

A geometrically nonline;r two~dimensfonal finite-element program (ref. 4)
was extended to include the axisymmetric case. The analysis fncludes calcula-
tion of strain energy release rates in the two possible fracture modes, namely
the peeling (G{) and the shear sliding (Gll) modes using the linear elastic
fracture mechanics crack closure technique (ref. 5). Strafin energy release

rates for varicus delamination sizes and locatfons as well as plate configura-

tfons were calculated and compared.




SYMBOLS
a plate radius, m
F delamination front nodal force, N
Gy strain energy release rate in peeling mode, J/m2
GII strain energy release rate in shear sliding mode, J/m2
Gie fracture toughness in peeling mode, J/m?
GIIc fracture toughness in shear sliding mode, J/m2
h plate thickness, m
P static equivalent impact force, N
q(r) contact pressure at r, N/m?
r-06-z plate cylindrical coordinate system
RC impact pressure distribution (contact) radius, m
Ré delamination radius, m
u displacement in r-direction, m
w displacement 1in z-direction, m
Yo plate center defiectlon, m
zg z-coordinate of a delanination, m
&R element size around the crack tip
Subscripts:
1,2 nodes behind the delamination—front node
r,z radial and z~directions

DESCRIPTION OF THE PROBLEM
Figure 2 ghows a ci;cular, quasi-igotropic iamina:ed plate of radius a
and thickness h, loaded by an elastic sphere at the center. The cylindrical
coordinates for the plate are r-6-z. A section at 6 = conatant 1is shown in
figure 2. The radlal direction 18 r and the transverse direction i{s z.

A midplane delaminatfon of radius Rs 1s shown {n filgure 2. The z-coordinate
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of the delamination i{s represented by Z g5 for midplane delamination z5 = 0.
The impact by the sphere is assumed to be at the plate center and is repre-
sented by a static equivalent force P. The deformation of the quasi-
Isotropic clircular laminate and sublaminates in the delaminated region are
assumed to be axisymmetric. The radial and transverse displacements of the
plate are represeqced by u and w, respectively. The contact force between
the sphere and the plate is represented by an elliptical pressure distribution

R
(ref. 6) (see fig. 3), such that P = Zn./. ¢ q(ryr dr, where q(r) {s the
0

contact pressure at r. The radius RC of the pressure distribution depends
on the impact force and stiffness and curvature properties of the sphere and
the plate (see, for example, ref. 7). For the range of forces and the sphere
and plate considered here, the value of R, varied from 0 to ! mm. For

simplicity, a nominal radius of 0.5 mm was assumed throughout the analysis.

ANALYSIS

A geometrically nonlinear, plane stress and plane strain finfte-element
(F-E) computer code GAMNAS (ref. &) was extended to include axisymmetric
analysis. The program uses a four noded isoparametric element. The method-
ology followed in the analysis is given in reference 8. A finite-element
model for a midplane delamination is shown in figure 3. The linear elastic
fracture mechanics {(LEFM) crack closure technique (ref. 5) was employed to
calculate scrain energy relcase rates in mode I and mode II at the delamina-
tion front. A separate study was made to confirm the applicability of LEFYH
crack closure techaique for calculating strain energy rglease rates Iin this
geometrically nonlinear problem. Figure 4(b) shows a free-body diagram of the
delaminat{on ftont. Displacements in the r and z dfirections at nodes 1

and 2 behind the delamination front (node 0) are, respectively, wu;, uz, ¥,
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and Wy (see fig. 4(b)). Delamination tip nodal forces in the r and =z

directions are F,. and F,, rcspectively. Then, the straln energy release

r
_ F lw, - w |
rate in the peeling mode (I) is G, = ————~—— and in the shear sliding
I 4nR6 AR '
Prluz B ull
mode (II) is CII ——Z?§g~3§——, in which Ré is the delaminatipn radius

and AR 1is the element size employed near the delamination tip. A fine F-E
mesh (MR = 0.05 mm or 0.1 mm) was employed around the delamination front.

Mesh refinement was studied to select a value of AR which yielded relative
errors less than' 1 percent. Strain energy release rates for various delamina~-
tion sizes, locations, and plate configurations were calculated and the

results are presgented in the following section.

RESULTS AND DISCUSSION

Strain energy release rates in mode I and mode I1 for the typical delami-

nation configurations shown in figure 1 were calculated using the linear

elastic fracture mechanics crack closure criterfa. The plate was assumed to
be loaded statically by an equivalent impact force acting over a radius Rc
(fig. 3). Energy release rates for various delamination sizes and location,
and plate configurations and forces were calculated. Elastic material proper-
ties used in the analysis are given {n table I. Results are discussed in the
following sections.

A comparison of calculated G; and Gp; for the delamination configura-
tions shown in figure 1 indicated that for delaminations away frowz the sur-
faces (figs. 1(a) and 1(b)}) Gy 1s very small, less than 0.1 percent of

Gyp based on a deformed-configuration analys{s. Hence, Gy results are

presented only for necar surface delaminations.
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Midplane Delamination

Figure 5 shows the force P versus the plate center deflection wo fof
eight delaminatfon radii{ (0 to 12.7 mm). As expected, the increase in delami-
nation radius reduces the plate flexural stiffness, hence the initial slope of
the force-deflection curve decreases.

Figure 6 shows the variation of Gpy with force P for a range of
delamination radii from 0.635 to 6.35 mm. An examinatifon of the curves for
various R6 shows that for a constant force P, Cl[ decreases with an
increase in delaminatfon radius R6 > 1.27 mm. Therefore, the delanination
growth stop§ after the inftial growth. It is noted here that for Ry less
than or equal to R. + h/2, the top compressive stresses teduce the effect of
the shear stress singularity at the delamination front, with the result that
caiculated Gy values were small (see dashed curve R6 = 0,635 om).

A method of predicting the delaminatfen growth during leoading is
explained in figure 6. £ a plate having mode Il fracture toughness, say,
Grre = 1.0 K/n® and Rg = 1.27 (Rg > R, + h/2) 1s loaded from zero by a
steel sbhere, the Gyy increases from zero along the Rg = 1.27 curve
(see fig. 6). At P = 0.87 kN, Gyy becores equal to Gire (1.0 kJ/mz}-
Further increase in the force P causes delamination to grow at constant
GI[ = CIIc' The locus of Gy is sﬁown by a broken line in figure 6. The
plot of Ré versus critical force P for a Gch of a laminate g hereafter
referred to ss "délamlnacion growth curve,”

Delaminatfon growth curves for three materials whose elastic stilfness
properties are the same as those for TI00/5208 and with Giic Vvalues of 0.5,
1.0, and 1.5 kJ/m2 are shown in figure ?. Each curve glves two values of |
Rg for a selected force P. The smaller value correaponds to the case where

the delamination lies within the impact pressure region and the larger value
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s for outstde the regfon.  For R.ﬂ s R the compresslve nermal stress reduces
the shear stress ﬂ(n;uldrity at the delamiant ton front, hence larger force s
vequived Cor the delamination to becowme iy critfcat. This force could
excend the matertal streapth In transverse shear, teaston, and/or crushing
(see ret. 1): Theretlore, the creation and fnttial prowth of delamtnations {n
and around the toaded regton hnv§ to be governcd by some other eriterta ke
{utertamtnar streagth criterfa.  The horizontal dash-dot Hne shown In the
flgure {s the boundary (Rg > 1.1 mm) above which the present anatysts (LEFM)
fs vattd. Fatlure (o the vegfon below the broken line tn controlled by
{nterlaminar streapth eriterta. A large delaminatton Ry 2 1.27 mm prows
moiotonticatly with the force. Furthermore, the rate of delamination growth
(JRS/JP) {s preater tor low values of Gy than for hiph values. Low values
ot Gl!c desipgnate low toughness material.

The offect of tmpact ferce on energy release rate ts shouwn tn figure B,
Results for Rg = 4 mn and plate sizes 12.7 x 2 (radius x thickaess (n milli~
aeters), 12.7 x 3, and 29.4 x 2 are shown. Calculated Gy decreased for
both increased plate thickness (2 ma to 3 mm and radius 12.7 am) and plate
vadius (12.7 am to 25.4 mm) from the reference case (12.7 x 2). But, {ncreas-
fng thicknesy by 50 perceat caused a wuch greater reduction in GII than did
doukling the plate's rvadius.

Figure 9 shows Gy versus force for T300/5208, C6000/1X205, T6000/F185,
and T300/P1700 compasites. Calculated Gpp's for all four materials are
practically the same, even though thelr stiffnesses dif{er {sce table 1).
qucver, s delamlnation in a brittle composite (like T300/5200), which will
have iower Gilc' Qill become critfcal and grow at lower force than {n tougher

couposites.




Multiple Delaminations

A laminate generally develops more than one delamination in thickness
direction during the lmpact (see, for example, fig. 1(c)). A question {s:
which one of these delaminations is critical in the subsequent impact or
transverse loading? To predict the location of a critical delamination, a
plate with three delaminations was analyzed. One of the delaminations {s at
the midplane (z6 = 0) and among the remaining two, one i{s assumed to be gbove
the midplane and the other below the midplane. Figure 10 shows strain energy
release rate for three delaminatfons (R6 = 4 mm) located at zg = 0 and
+0.5 mm. The results fndicate that Gyy for the midplane delaminatfon 1is
higher than that for the other two. Therefore, a delaminatfon in the mid-
plane, which {5 a plane of waximua transverse shear stress, 1s mosé critical
and grows before other delaminations in that regfion. It may be noted that the
present analysis {s based on homogeneous laminate properties. In an actual
laminate, maximum shear stress locatfion depends on the stacking sequence which
fs a function of layup and polar angle 6 of the plate.

Figure 11 shows the predicted critical forces for inftlation of growth of
three delaminatfons. The material fracture toughness Guc {s assumed to be
1.5 kJ/2%. For small delamfnations (R6 < 2.5 mm) radif, the upper delamina-
tion (A) grows first followed by B and C delamfnatfons. However, for
Rb >3 mm, the midplane delamination grows first and follewed by A and C.
These curves can be used to predict delamination radif for a glven force by
drawing an ordinate perpendicular to the abscissa as In fi{gure 11. The {uter~
section of the ordinate and the curves gives the delaminatlon radti at the
three locattons. For example, an fmpact force of 2.5 kK causes delaminatfon

of radi{ 5;5, 4.4, and 4 == at afdplane, 2z, = ~0.5, and 0.5 um, respectively.
5




Near-Surface Delawination
Compressive induced instability of delaminated laminas located near. the
fmpacted surface in a thick laminate was cxamined. If a thin debonded sub-
lam{nate forms near the top surface of a laminated plate, it may buckle due to
the compressive bending stresses developed by the transverse force on the

plate (see fig. 1(c)). Large peel stresses caused by local buckling would

‘tend to produce growth by mode I and mode II. Figure 12 shows energy release

rates in both modes for delaminations located at zg ™ -0.75 mm at a force

P = 2.4 kﬁ. The two curves Indicate that, due to local buckling, the ratio
of GI to GII could be as high as 0.5 (Rﬁ = 4 mm). $1nce CIc of a
material {s much smaller than Gyye» the delamination growth could be due to -
ﬁeeling alone. baoth Gy and GII decrease with increase in Ré (R6 > 4 um).
Therefore, the delamination growth stops after an initial grouth for a given

force. For small values of Ré (Rb < 2 mm) GI decreases and GII

increases. Although more than one delaminatfon can exist fn a laminated

plate, for simplicity and to narvow attentien to compression buckling, only a
near surface delamination was considered In the above analysis.

From figures 10 and 12 the values of Grygs» for P = 2.4 kN and
Ré = 4 wm, and for delaminations lécuted at various values of zg are given

below.

Lge ma ~0.75 -0.5 0.0 0.5

Gyps kJ/nt 0.21 1.1 1.4 1.0

These results indicate that the delaminations near the midplane would have
reached critical Gyy and grown before a near-surface delamination becomes

critical. The growth of near-surface delamination in mode II is, therefore,

10
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less probable. However, the exlutence of C{ mode, even though small, can

cause surface delamination growth since a materfal's Gy 1s far smaller than

is GIIc‘

CONCLUSION

An axisymmetric finite-element analystis of a quasi-isotroplc circular
laminate under a static equivalent fapact force led to the following
conclusions:

1. The primary wode of delamination growth in the {nterior, away from
top and bottom surfaces, of a circular, quasi-{sotropic iamlnate sub jected to
transverse lmpact {s by VGII (CII{ was not addressed).

2. For a constant force, Gyp decreases with increasing radius of the
delamination when the delaminatioa radius is greater than the loaded region.

3. Small delaminations (smaller than or nearly equal to the impact pres-
sure area) have very low Gri's due to s reduced shear stress singularity.
Therefore, inftial iaterlaminar failures may be goveraed by the {nterlaminar
streagth criteria.

4. Delamination growth ;ate Is rapid (neutrally stable) for low fracture
toughness (brittle) mater ~'s, and {t is slow and stable for hfgh toughness
materfals.

5. A midplane delamination, with a radius larger than the lépact pres-
sute radius, s more critical and grows faster than other delaminatfons of the
same sfze but located in any other plane.

6. 1If a thin debonded sublaminate forams near the fmpact surface of a
thick laminate, the sublaminate may buckle duc to bending compressive
stresses. The peel mode energy release rate Gy cén be as high as O‘SGII'
Therefore, a near-surface delamfnation in a miterial with low Gy. may grow

in the peeling wode.
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e : Table 1. Elastic properties of materlals.

e e - -

Material ‘
- Parameter - ]
T300/5208 C6000/HX205 C6000/F185 T300/P1700

Err' GPa 54.00 48.33 44 .35 37.56

Ezz, GPa 14.30 9.17 6.79 6.64

Grz' GPa 3.50 4.10 . 2.70 2.62

Veg 0.28 . 0.27 0.27 0.38

v 0.31 0.31 0.32 0.32

ro

13




B T
CriGinl Phaas

OF POGR QUALITY

vre
3

4 4
Yy /
7 /
<
(a) Mid-plane delamination.
y .
—,
/ "
/] “
V 7
:;
(b) Multiple delamination.
P
/ 7
7] “
Y ;o
/

(¢) Near-surface delamination.

Fig. 1 Model delaminations.
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